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[57] ABSTRACT 

Ef?cient methods for verifying the timing behavior of a 
system in Which various tasks are executed on a processor, 
and each task is enabled (i.e., becomes ready to execute) in 
response to the occurrence of an external event and/or the 
completion of another task. The methods are computation 
ally efficient, requiring an execution time that is polynomial 
in the number of tasks in the system. The methods can be 
used in complementary fashion With more computationally 
intensive techniques for timing behavior veri?cation, such 
as simulation or prototyping, by limiting the use of such 
techniques to those systems Whose correctness is not proven 
by the methods. 
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METHOD FOR SCHEDULE VALIDATION OF 
EMBEDDED SYSTEMS 

BACKGROUND OF THE INVENTION 

The present invention relates to the veri?cation of the 
timing behavior in embedded systems. More particularly, the 
invention provides techniques for determining Whether it is 
impossible for an event to be dropped in such a system. 

Embedded systems, i.e., systems embedded in the equip 
ment they serve, typically consist of several interacting 
components that constantly monitor and react to various 
conditions (sometimes referred to as “external events”) in 
their respective environments. Due to ?exibility and cost 
ef?ciency, many of these components are often implemented 
in softWare and executed on a controller (i.e., processor) for 
the system. Each component is implemented as a softWare 
task (sometimes referred to as an “internal tas ”), and an 
operating system is used to schedule execution of tasks. 
Embedded systems are being increasingly used for a variety 
of products, including loW-cost high-volume consumer 
products. 

FIG. 1A illustrates a typical environment for an embedded 
system. An apparatus 10 includes an embedded system 11, 
a sensor 12, and an actuator 13. Embedded system 11 
includes a processor 14 and a storage medium 15. Storage 
medium 15 stores one or more tasks 16 Which execute on 

processor 14. 
Sensor 12 sends signals to system 11 indicating the 

occurrence of one of a set of one or more external events. 

Typically, sensor 12 monitors one or more characteristics of 
the environment of apparatus 10 (such as temperature or 
pressure) and each of one or more of the external events 
occurs Whenever sensor 12 detects that the environment of 
apparatus 10 is in a particular state. Other external events 
may occur Whenever sensor 12 detects a condition unrelated 

to the environment of apparatus 10 (such as expiration of a 
timeout period). 

Each of tasks 16 becomes ready for execution upon the 
occurrence of any of one or more of the external events 
and/or upon the completion of execution of any of one or 
more of tasks 16. One or more of tasks 16 cause processor 
14 to send digital data to actuator 13 Which takes some 
physical action in response to the data received (such as 
moving a component in apparatus 10, changing a charac 
teristic of the environment of apparatus 10 such as tempera 
ture or pressure, providing a voltage or current, etc). 

To verify the correctness of softWare tasks in an embed 
ded system, one must verify their functionality and their 
timing behavior. The timing behavior depends on timing 
properties of tasks and external events, as Well as the 
scheduling policy: i.e., the set of rules determining Which 
task to execute on the processor, if more than one task is 
ready to run. Consequently, the timing veri?cation problem 
for such systems is sometimes referred to as the schedule 
validation problem. Given that embedded systems are 
becoming more complex and controlling ever more critical 
processes, schedule validation is becoming a dominant 
consideration in embedded system design beside cost, 
performance, and poWer consumption. 

Each internal task is enabled (i.e., ready to commence 
execution) upon the occurrence of one or more external 
events, and/or upon the completion of one or more of the 
other internal tasks. Each external event is hereinafter 
described as the completion of an external task (Whose 
duration, unlike that of an internal task, is of no relevance to 
the timing veri?cation issues discussed herein). An embed 
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2 
ded system is said to include an event (i,j) if completion of 
task i enables internal task j. Event (i,j) is referred to as 
internal or external depending on Whether task i is internal 
or external. One aspect of schedule validation involves 
determining Whether or not an event can be dropped. Event 
(i,j) can be dropped if in some execution of the embedded 
system it is possible, after task i completes execution, for 
task i to complete execution again before task j completes 
execution. 

Dropping certain events (designated as “critical”) may not 
be acceptable. For example, an embedded system used to 
calculate the speed of a Wheel from a counter keeping track 
of the number of Wheel revolutions, might include an 
external task i that completes execution once every revolu 
tion of the Wheel by sending a signal to the system 
controller, and an internal task j that is enabled upon every 
completion of the external task and Whose purpose is to 
increment the counter by one. If event (i,j) is dropped, in 
other Words if tWo completions of external task i (i.e., tWo 
revolutions of the Wheel) occur Without an intervening 
completion of internal task j, the ?rst Wheel revolution Will 
not result in an increment to the counter, and thus an 
incorrect Wheel speed Will be computed. 
The timing behavior of an embedded system is veri?ed to 

be correct (i.e., the schedule of the embedded system is 
proved valid) if it is determined that none of the critical 
events in the embedded system can be dropped. TWo of the 
most Widely used methods for schedule validation are simu 
lation and prototyping. In prototyping, a physical model of 
an embedded system is built, typically comprising a micro 
processor or micro-controller, memory, and some interface 
circuitry. The prototype is then exercised With some set of 
input sequences of external events, and the outputs of the 
system are monitored for correctness. Simulation is similar, 
except that hardWare components (microprocessor, memory, 
etc,) are replaced With corresponding simulation models. 

Because there are an in?nite number of possible input 
sequences of external events to an embedded system, pro 
totyping and simulation are techniques that cannot prove 
schedule validity. Thus, even if the system behaves correctly 
for all sequences in the test set, there are no guarantees that 
the system Will behave correctly for all other input 
sequences. In other Words, using these methods, a schedule 
can be proved invalid, but it can never be proved valid. 

Several techniques of general applicability have been 
proposed for analytically determining Whether a schedule of 
an embedded system is valid. HoWever, these techniques 
require an execution time that groWs exponentially With the 
siZe of the embedded system (i.e., number of tasks), and are 
thus impractical for all but the smallest embedded systems. 

Yet other computationally tractable but less general 
schedule validation techniques have been proposed. In 
particular, each of these techniques can, at most, only be 
applied to embedded systems satisfying the folloWing con 
straints: 

(a) completion of each task enables at most one other 
internal task. This constraint severely limits the ability 
to share information betWeen the system tasks, because 
completion of any task can trigger the execution of at 
most one other task. 

(b) each internal task is enabled by the completion of 
exactly one other task. This constraint severely limits 
the ability to realistically model reactive real-time 
systems, because such systems usually include one or 
more components that are executed in response to any 
one of tWo or more events in their environment. 
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(c) an internal task is not allowed to execute Whenever any 
of its successor tasks are enabled (a task is a successor 
to a given task if the task is enabled by the completion 
of the given task). This constraint makes it impossible 
for internal events to be dropped, and may, for example, 
be unsuitable for systems having urgent tasks that must 
be executed promptly even if one or more of their 
successor tasks are enabled. 

What Would be desirable is an ef?cient analytical tech 
nique of general applicability for proving that an event 
cannot be dropped in any execution of an embedded system. 

SUMMARY OF THE INVENTION 

The present invention provides ef?cient methods for 
verifying the timing behavior of a system in Which various 
tasks (herein referred to as “internal” tasks) are executed on 
a processor, and each task is enabled (i.e., becomes ready to 
execute) in response to the occurrence of an external event 
(herein referred to as “completion” or “execution” of an 
“external tas ”) and/or the completion of another task. 

One of the methods can be used to determine, given that 
in the system completion of a ?rst task enables a second task 
and static priority scheduling is used to schedule tasks for 
execution on the processor, Whether it is impossible (over all 
executions of the system) after the ?rst task completes 
execution for the ?rst task to complete execution again 
before the second task completes execution. 

Another one of the methods can be used to determine, 
given that in the system occurrence of an external event 
enables a task and preemptive static priority scheduling is 
used to schedule tasks for execution on the processor, 
Whether it is impossible (over all executions of the system) 
after the external event occurs for the external event to occur 
again before the task completes execution. 

Yet another one of the methods can be used to determine, 
given that in the system occurrence of an external event 
enables a task and non-preemptive static priority scheduling 
is used to schedule tasks for execution on the processor, 
Whether it is impossible (over all executions of the system) 
after the external event occurs for the external event to occur 
again before the task completes execution. 

Each of the methods is computationally ef?cient, requir 
ing an execution time that is polynomial in the number of 
tasks in the system. The methods are of general applicability 
and can be used in complementary fashion With more 
computationally intensive techniques for timing behavior 
veri?cation, such as simulation or prototyping, by limiting 
the use of such techniques to those systems Whose correct 
ness is not proven by the methods. 

A further understanding of the nature and advantages of 
the present invention may be realiZed by reference to the 
remaining portions of the speci?cation and the draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1A illustrates a typical environment for an embedded 
system; 

FIG. 1B illustrates an example of an embedded system; 

FIG. 1C illustrates a possible execution of the system of 
FIG. 1B; 

FIG. 2 is a ?oWchart for a technique to determine Whether 
it is impossible to drop a particular internal event in a 
system; 

FIG. 3 is a ?oWchart for a technique to assign priorities to 
the internal tasks of a system so as to ensure that no internal 
events can be dropped; 
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4 
FIG. 4A is a ?oWchart for a technique to determine 

Whether it is impossible for a particular external event to be 
dropped in a system using preemptive static priority sched 
uling; 

FIG. 4B is a more detailed ?oWchart for the technique of 
FIG. 4A; 

FIG. 5A is a ?oWchart for a technique to determine 
Whether it is impossible for a particular external event to be 
dropped in a system using non-preemptive static priority 
scheduling; and 

FIG. 5B is a more detailed ?oWchart for the technique of 
FIG. 5A. 

DESCRIPTION OF SPECIFIC EMBODIMENTS 
Basic De?nitions and Notation 
An embedded system (hereinafter referred to as a system) 

consists of a single processor and a set of tasks With knoWn 
priorities and execution times that execute on the processor. 
Tasks are enabled either by external events or by execution 
of other tasks (internal events). Among the enabled tasks, the 
one With highest priority is executed ?rst. It is assumed that 
there exists some knoWn minimum time betWeen tWo occur 
rences of the same kind of external event. Asystem is correct 
if certain critical events are never “dropped”, i.e., if tasks 
enabled by these events are executed before another event of 
the same kind occurs. 

More precisely, a set of internal tasks in the system is 
denoted by T and the execution time of some task i eT is 
denoted by e(i). Internal tasks are identi?ed by their 
priorities, i.e., T={1,2, . . . , n}. Task n has the highest 
priority and task 1 has the loWest. A set of external tasks is 
denoted by U, and the minimum time betWeen tWo execu 
tions of some task i eU is denoted by /1(i). The duration of 
execution of external tasks is of no relevance to the issues 
discussed herein. Thus, the phrase “execution of an external 
task” refers to completion of an execution of that external 
task. 

Events are denoted by ordered pairs (i,j) Where j is an 
internal task and i is either an internal task (in Which case the 
event is said to be “internal”), or external task (in Which case 
the event is said to be “external”). The set of all events in the 
system is denoted by E, and some events in E are designated 
as critical (i.e., it is unacceptable to drop these events). A 
graph With nodes corresponding to all the internal and 
external tasks (TUU) and directed edges E is referred to as 
the system graph for the system. The techniques disclosed 
herein assume that the system graph is acyclic. 
An execution of a system using preemptive static priority 

scheduling is any timed sequence of events that satis?es the 
folloWing: 

external tasks can execute at any time, as long as the time 
betWeen tWo executions of any external task i is larger 
than or equal to p(i), 

immediately after the execution of task i, all the tasks j 
such that (i,j) eE, are enabled, and task i is disabled, 

internal tasks can execute only if they are enabled, 
initially, no tasks are enabled, and 
at any time, if more than one internal task is enabled, the 

enabled task having the highest priority executes on the 
processor at that time. 

An event (i,j) is said to be dropped if after i is executed, 
task i is executed again before task j is executed. An 
execution is correct if no critical events are dropped in it. A 
system is correct if all of its executions are correct. 

FIG. 1B illustrates a graph for the tasks of an embedded 
system 19. Embedded system 19 has ?ve internal tasks (1—5) 
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and tWo external tasks (6,7). Embedded system 19 also has 
total of eight events, tWo of Which are external ((7,1), (6,2)). 
Six events are critical, as indicated by black dots. FIG. 1C 
illustrates a possible execution of the system of FIG. 1B. In 
FIG. 1C, executions of external tasks are represented by 
upWard arroWs, While executions of internal tasks are rep 
resented by rounded boxes. 

This invention provides schedule validation methods for 
preemptive and non-preemptive versions of static priority 
scheduling. With both types of scheduling, if the processor 
is idle, then the task With the highest priority among enabled 
tasks is executed. With preemptive scheduling, an executing 
task is suspended if a higher priority task becomes enabled. 
With non-preemptive scheduling, hoWever, once a task is 
selected for execution, it is run until completion, even if 
some higher priority tasks become enabled in the mean 
While. Preemptive static priority scheduling has attracted a 
lot of attention due to its elegant theoretical properties and 
good service of urgent tasks. HoWever, non-preemptive 
priority scheduling is often used in practice due to signi? 
cantly simpler implementation and loWer execution time 
overhead. 

Several of the techniques described beloW can be used to 
determine if it is impossible for a particular event to be 
dropped. Each of these techniques terminates by providing 
one of tWo indications. One of the indications (sometimes 
referred to as “success”) is provided When the technique 
determines that it is impossible for the particular event to be 
dropped. The other indication (sometimes referred to as 
“failure”) is provided When the technique is unable to 
determine that it is impossible for the particular event to be 
dropped. Providing an indication is meant to include pro 
viding data to an output device (such as a printer or monitor) 
for display to a user, communicating data to another com 
puter program (eg a program for automated system design 
that continues to make changes to a proposed design until an 
indication of success is received) and providing data to be 
Written into a storage medium and later accessed by a user 
or a computer program. 
Dropping Internal Events 

FIG. 2 is a ?oWchart for a technique 20, applicable to 
systems using either preemptive or non-preemptive static 
priority scheduling, for determining Whether it is impossible 
for internal event (i,j) to be dropped. When referring herein 
to a path betWeen tWo nodes, the path is taken to not include 
the tWo nodes. 

Initially, i is compared to j (step 21). If i is less than j, then 
it is determined that event (i,j) cannot be dropped (step 22). 

OtherWise, it is determined Whether there exists an exter 
nal task, X, in the system such that there exists a path in the 
system graph betWeen the nodes representing X and internal 
task i, respectively, such that each of the nodes on the path 
represents an internal task of priority higher than j (step 23). 
Such a path is referred to as a path of higher priority than j. 
If such external task is found, then processing terminates 
With an inconclusive result, i.e., it may or may not be 
possible for event (i,j) to be dropped (step 24). 

OtherWise, it is determined Whether there exists an inter 
nal task, Y, in the system such that there exists at least tWo 
paths in the system graph betWeen the nodes representing Y 
and internal task i, respectively, such that each of the nodes 
on each of the paths represents an internal task of priority 
higher than j (step 25). If no such internal task is found, then 
it is determined that event (i,j) cannot be dropped (step 22). 
OtherWise, processing terminates With an inconclusive 
result, i.e., it may or may not be possible for event (i,j) to be 
dropped (step 24). 
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6 
The technique depicted in FIG. 2, Would determine that 

event (4,3) cannot be dropped in the system represented by 
the graph of FIG. 1B because each of steps 21, 23, and 25 
returns a NO. 

Step 21 returns a NO because 4 is not less than 3. 
Step 23 returns a NO because: 

(a) neither of the paths (i.e., 1%2, and 1%5) betWeen the 
nodes representing external task 7 and internal task 4, 
respectively, is a path of higher priority than 3 (each 
path includes a node representing a task having a 
priority less than 3); AND 

(b) the single path (i.e., 2) betWeen the nodes representing 
external task 6 and internal task 4, respectively is not a 
path of higher priority than 3 (there is a node repre 
senting a task having a priority less than 3). 

Step 25 returns a NO because there is only one internal 
task (i.e., 1), such that there is more than one path (i.e., 2, 
and 5) betWeen the nodes representing the internal task and 
task 4, respectively, and only one of the paths (i.e., 5) is a 
path of higher priority than 3 (contains only nodes of priority 
greater than 3). 
The folloWing pseudocode (proc 1) could be used to 

traverse the system graph in order to implement the ?oW 
chart of FIG. 2 (a node representing task i is de?ned to be 
a predecessor node of a node representing task j, if (i,j) is an 
event of the system): 

PROC1 (input: (i,j) an internal event) 
1. if i < j then RETURN SUCCESS 
2. mark the node representing i 

TOiBEiPROCESSED and VISITED 
While the node representing 
some task current is marked 

TOLBELPROCESSED 
3. remove TOiBEiPROCESSED mark from the 

node representing current 
for each predecessor node pred of the node 

representing current 
4. if the node representing pred is marked 

VISITED then RETURN FAILURE 
5. if pred is an external task then 

RETURN FAILURE 
6. mark the node representing pred VISITED 
7. if pred>j then mark the node representing pred 

TOLBELPROCESSED 
end for each 

end While 
8. RETURN SUCCESS 

end PROC1 

If the above procedure returns SUCCESS (steps 1 or 8), then 
it has been determined that event (i,j) cannot be dropped. If 
it returns FAILURE, then the result is inconclusive: it may 
or may not be possible for event (i,j) to be dropped. 
PROC1 intermingles the performance of steps 23 and 25 

of FIG. 2 as the nodes are traversed. If the node representing 
task pred is determined to be marked VISITED at line 4, 
then pred represents an internal task that satis?es the con 
dition in step 25 of FIG. 2. If task pred is determined to be 
an external task at line 5, then pred represents an external 
task that satis?es the condition in step 23 of FIG. 2. The time 
required to execute PROC1 is polynomial in the number of 
system tasks. 

FIG. 3 depicts a ?oWchart for a technique 30 to assign 
priorities to the internal tasks of a system so as to ensure that 
no internal events can be dropped. Thus, FIG. 3 illustrates a 
technique for building correctness into the system at the time 
of design as opposed to later veri?cation of correctness. 
Initially, the internal tasks are arranged in a reverse topo 
logical sequence (step 31). In such a sequence, any ?rst task 
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appears before any second task if completion of the second 
task enables the ?rst task. 

There may exist several possible reverse topological 
sequences of the internal tasks. For example, there are tWo 
possible reverse topological sequences for the internal tasks 
of FIG. 1B, i.e., tasks 3, 4, 2, 5, 1 and tasks 3, 4, 5, 2, 1. 
Computationally ef?cient techniques for traversing a 
directed graph in order to determine a topological sequence 
are Well knoWn in the art. For example, see Introduction to 
Algorithms, Cormen et al., MIT Press, pages 477—487, 
hereby incorporated by reference. 

After the internal tasks are arranged in a reverse topo 
logical sequence in step 31, priority n+1-i is assigned to the 
ith task in the reverse topological sequence, for 1=<i=<n, 
Where n is the number of internal tasks (step 32). 
Alternatively, step 32 can be replaced With any assignment 
of priorities that decreases throughout the sequence. The 
technique of FIG. 3, as applied to the system of FIG. 1B, 
could determine the folloWing reverse topological sequence 
in step 31: tasks 3, 4, 2, 5, 1. Then in step 32, the technique 
Would assign priorities 5, 4, 3, 2, and 1 to tasks 3, 4, 2, 5, 1, 
respectively. 
Dropping External Events 

Before describing the techniques beloW for determining 
Whether it is impossible for an external event to be dropped, 
the concept of a partial load must be developed. A partial 
load 6(i,j) is the ?rst time at Which only tasks With priority 
loWer than j are enabled, given that: 

(a) task i completes execution at time 0, 
(b) no tasks other than i are enabled just before i com 

pletes execution, and 
(c) no external tasks execute in the interval [0,6(i,j)] (other 

than possibly i completing execution at time 0). 
An equivalent Way of de?ning partial load 6(i,j), Where i 

is an internal task, is as folloWs: the duration of a continuous 
sequence of executions of internal tasks having respective 
priorities not less than j, the sequence, commencing upon 
completion of task i, Wherein none of the internal tasks, 
except task i, is enabled immediately before completion of 
task i and none of the external tasks completes execution 
during the sequence. 
An equivalent Way of de?ning partial load 6(i,j), Where i 

is an external task, is as folloWs: the duration of a continuous 
sequence of executions of internal tasks having respective 
priorities not less than j, the sequence commencing upon 
completion of task i, Wherein none of the internal tasks is 
enabled immediately before completion of taski and none of 
the external tasks completes execution during the sequence 
(excluding, of course, task i at the start of the sequence). 

One technique for determining partial loads is by simu 
lation. A more ef?cient technique for determining partial 
loads is provided by the folloWing procedure (Whose execu 
tion time is proportional to the square of the number of 
system tasks) comprising steps A—C: 
A. Label each internal task i With the set of labels Li as 
folloWs: 

for each internal task i E T in reverse topological order 

l. P:: U Lj/*P= @ if ihas no successors */ 
(NEE 
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-continued 

end for each 

B. For each external task i E U let L; = U L], 
(NEE 

C. Compute paltial loads by 6(i, j) = Z w, Where W : 
(k,w)eW 

{(k, w) E L; | k z j}, assumingthat 6(i, j) = 0 if W is 

empty. 

Applying the above technique to the system of FIG. 1B 
Would result in the folloWing labels (using one possible 
reverse topological order of computation, i.e., 3,4,2,5,1): 

Using the above labels, the partial loads can be determined 
according to step C above. For example, 6(7,1)=11 and 
6(6,1)=4. 

FIG. 4A is a ?oWchart shoWing a technique 400 to 
determine Whether it is impossible for an external event (i,j) 
to be dropped in a system using preemptive static priority 
scheduling. Initially, the technique determines an upper 
bound on a maximum duration, over all executions of the 
system, of a continuous sequence of executions of tasks 
having priority not less than j (step 401). Then the upper 
bound is compared against the minimum time betWeen 
completions of external task i, p(i) (step 402). If the upper 
bound is less than p(i), then it is determined that event (i,j) 
cannot be dropped (step 403). OtherWise, processing termi 
nates With an inconclusive result, i.e., it may or may not be 
possible for event (i,j) to be dropped (step 404). 

FIG. 4B is a more detailed ?oWchart shoWing a technique 
400‘ for determining Whether it is impossible for an external 
event (i,j) to be dropped in a system using preemptive static 
priority scheduling, and, in particular includes substeps 
(412—416) for step 401 of FIG. 4A. The time required to 
execute the technique of FIG. 4B is polynomial in the 
number of system tasks. The technique includes an iterative 
determination of an upper bound, A, on the maximum 
duration, over all executions of the system, of a continuous 
sequence of executions of tasks having priority not less than 
j (steps 414—416). Initially, in step 411 the technique tests for 
a condition Whose satisfaction guarantees that the iteration 
of steps 414—416 Will converge. If the condition is not 
satis?ed, then processing terminates With an inconclusive 
result, i.e., it may or may not be possible for event (i,j) to be 
dropped (step 404). OtherWise, tWo quantities, A0 and A1, 
are determined (step 412). 

A0 represents the maximum duration, occurring in any 
execution of the system, of a continuous sequence of execu 
tions of internal tasks having priority not less than j that can 
occur upon completion of an internal task of priority less 
than j, assuming that none of the internal tasks, except the 
internal task of priority less than j, is enabled immediately 
before the continuous sequence of executions commences 
and no external task completes execution during the 
sequence. (A0 is Zero if the completion of no task of priority 
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less than j enables a task of priority not less than ji) A1 
represents the initial value assigned to the upper bound 
described above. The particular initial value chosen is not 
critical, but it should be a small positive number. 
An updated value for the upper bound described above is 

computed as the sum of A0 and a series of respective terms 
corresponding to the external tasks (step 414). The term 
corresponding to each external task, e, is the product of ?rst 
and second quantities. The ?rst quantity, [Ak/p(e)j, repre 
sents the maximum number of times external task e can 
complete execution Within a time period of a duration equal 
to the last value determined for the upper bound described 
above. The second quantity, 6(e,j), represents a duration of 
a continuous sequence of executions of one or more of the 
internal tasks of priority not less than j occurring upon 
completion of external task e, assuming that no internal task 
is enabled immediately before the continuous sequence of 
executions commences and no other external task comple 
tion occurs during the sequence. 

If the updated value for the upper bound is not equal to the 
last value determined for the upper bound, a neW updated 
value is determined (steps 415, 416, 414). OtherWise, the 
?nal value for the upper bound is compared against the 
minimum time betWeen completions of external task i, p(i) 
(step 402‘). If the upper bound is less than p¢(i), then it is 
determined that event (i,j) cannot be dropped (step 403). 
OtherWise, processing terminates With an inconclusive 
result, i.e., it may or may not be possible for event (i,j) to be 
dropped (step 404). 

Applying the technique of FIG. 4B to the system of FIG. 
1B yields the folloWing computations: 

(6(7,1)=11 and 6(6,1)=4, as determined above) 
The above iteration converges With A3=A4=19. Since 19 is 
less than p¢(7)=20, it is determined that event (7,1) cannot be 
dropped. 

FIG. 5A is a ?oWchart shoWing a technique 500 for 
determining Whether it is impossible for an external event 
(i,j) to be dropped in a system using non-preemptive static 
priority scheduling. Initially, the technique determines an 
upper bound on a maximum duration of any continuous 
sequence of task executions occurring in any execution of 
the embedded system Wherein the sequence consists of an 
execution of any one of the internal tasks having a priority 
not greater than j, folloWed by respective executions of one 
or more of the internal tasks having priority greater than j 
(step 501). Then the sum of the execution time for internal 
task j, e(j), and the upper bound is compared against the 
minimum time betWeen completions of external task i, p(i) 
(step 502). If the sum is less than p(i), then it is determined 
that event (i,j) cannot be dropped (step 503). OtherWise, 
processing terminates With an inconclusive result, i.e., it 
may or may not be possible for event (i,j) to be dropped (step 
504). 

FIG. 5B is a more detailed ?oWchart shoWing a technique 
500‘ for determining Whether it is impossible for an external 
event (i,j) to be dropped in a system using non-preemptive 
static priority scheduling and, in particular, includes sub 
steps (512—516) for step 501 of FIG. 5A. The time required 
to execute the technique of FIG. 5B is polynomial in the 
number of system tasks. The technique includes an iterative 

15 

25 

35 

45 

55 

65 

10 
determination of an upper bound, A, on the maximum 
duration, over all executions of the system, of a continuous 
sequence of executions of tasks Wherein the sequence con 
sists of a ?rst execution corresponding to a task having a 
priority not greater than j and Zero or more executions 
corresponding to tasks having a priority greater than j (steps 
514—516). Initially, in step 511 the technique tests for a 
condition Whose satisfaction guarantees that the iteration of 
steps 514—516 Will converge. If the condition is not satis?ed, 
then processing terminates With an inconclusive result, i.e., 
it may or may not be possible for event (i,j) to be dropped 
(step 504). OtherWise, the quantity A0 is determined (step 
512). 

A0 represents the maximum duration, occurring in any 
execution of the system, of a continuous sequence of execu 
tions of internal tasks, Wherein the ?rst execution in the 
sequence is for a task of priority no greater than j, the rest 
of the executions in the sequence are for tasks of priority 
greater than j, and no external task completes execution 
during the sequence. A0 is also chosen to be the initial value 
assigned to the upper bound described above. The particular 
initial value chosen is not critical, but it should be a small 
positive number. 
An updated value for the upper bound described above is 

computed as the sum of A0 and a series of respective terms 
corresponding to the external tasks (step 514). The term 
corresponding to each external task, e, is the product of ?rst 
and second quantities. The ?rst quantity, [Ak/me?, repre 
sents the maximum number of times external task e can 
complete execution Within a time period of a duration equal 
to the last value determined for the upper bound described 
above. The second quantity, 6(e,j+1), represents a duration 
of a continuous sequence of executions of one or more of the 
internal tasks of priority greater than j occurring upon 
completion of external task e, assuming that no internal task 
is enabled immediately before the continuous sequence of 
executions commences and no other external task comple 
tion occurs during the sequence. 

If the updated value for the upper bound is not equal to the 
last value determined for the upper bound, a neW updated 
value is determined (steps 515, 516, 514). OtherWise, the 
sum of the ?nal value for the upper bound and the execution 
time for internal task j, e(j), is compared against the mini 
mum time betWeen completions of external task i, (step 
502‘). If this sum is less than p¢(i), then it is determined that 
event (i,j) cannot be dropped (step 503). OtherWise, pro 
cessing terminates With an inconclusive result, i.e., it may or 
may not be possible for event (i,j) to be dropped (step 504). 
The methods of the present invention are typically imple 

mented as softWare programs executing on a general pur 
pose computer such as a Workstation or personal computer. 
Suitable computers can be acquired from many vendors, 
including Sun Microsystems, Silicon Graphics, IBM, and 
HeWlett-Packard. The con?gurations of such computers are 
Well knoWn in the art and Will not be described here. 

Conclusion 

The above description is illustrative and not restrictive. 
For example, use of the invention is not limited to embedded 
systems, but rather is equally applicable to any system in 
Which various tasks are executed on a processor, and each 
task is enabled for execution in response to the occurrence 
of an external event and/or the completion of another task. 
The scope of the invention should, therefore, be determined 
not With reference to the above description, but instead 
should be determined With reference to the appended claims 
along With their full scope of equivalents. 
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What is claimed is: 
1. In a system represented by a graph, 
the system including a processor, a set of n internal tasks 
Which execute on the processor according to static 
priority scheduling, and a set of external tasks, 

the m”1 internal task being designated internal task m for 
lémén With internal task m having a priority of m, 

the graph including a respective node representing each of 
the internal and external tasks, 

the graph including a directed edge from any ?rst one of 
the nodes to any second one of the nodes if and only if, 
in the system, completion of the task represented by the 
?rst node enables the task represented by the second 
node, 

one of the directed edges in the graph going from the node 
representing internal task i to the node representing 
internal task j, de?ning an event (i,j), a computer 
implemented method for determining, if for all possible 
executions of the system, it is impossible, after internal 
task i has completed execution, for internal task i to 
complete execution again before internal task j has 
completed execution, the method comprising the steps 
of: 
(a) determining if any particular one of the external 

tasks satis?es a ?rst condition, 
Wherein the ?rst condition is that there exists in the 

graph a path of priority greater than j betWeen the 
node representing the particular external task and 
the node representing internal task i, 

the path of priority greater than j being a path each 
of Whose nodes represents a task having priority 
greater than j; 

(b) determining if any particular one of the internal 
tasks satis?es a second condition, 
Wherein the second condition is that there exists in 

the graph at least tWo paths of priority greater than 
j betWeen the node representing the particular 
internal task and the node representing internal 
task i; and 

(c) if it is determined that none of the external tasks 
satis?es the ?rst condition and none of the internal 
tasks satis?es the second condition, providing an 
indication that, for all possible executions of the 
system, it is impossible, after internal task i has 
completed execution, for internal task i to complete 
execution again before internal task j has completed 
execution, thereby indicating that event (i,j) of the 
system is not dropped. 

2. The method of claim 1 Wherein step (a) and step (b) are 
intermingled as the nodes are traversed. 

3. In a system including, 
a processor, 

a set of n internal tasks Which execute on the processor 
according to preemptive static priority scheduling, and 

a set of external tasks, 
the m"1 internal task being designated internal task m for 
lémén With internal task m having a priority of m, 

completion of an external task i enabling internal task j, 
1 E j E n, 

there existing a minimum time betWeen executions of the 
particular external task i, de?ning an event (i,j), a 
computer-implemented method for determining, if for 
all possible executions of the system, it is impossible, 
after external task i has completed execution, for exter 
nal task i to complete execution again before internal 
task j has completed execution, the method comprising 
the steps of: 

5 

25 

45 

55 

65 

12 
(a) determining an upper bound on a maximum 

duration, over all executions of the system, of a 
continuous sequence of executions of tasks having 
priority not less than j; and 

(b) if the upper bound determined in step (a) is less than 
the minimum time betWeen executions of the par 
ticular external task, providing an indication that, for 
all possible executions of the system, it is 
impossible, after external task i has completed 
execution, for external task i to complete execution 
again before internal taskj has completed execution, 
thereby indicating that event (i,j) of the system is not 
dropped, 

Wherein: 
the system satis?es at least one of ?rst and second 

conditions; 
the ?rst condition is that completion of at least one 

of the tasks enables at least tWo of the internal 
tasks; and 

the second condition is that at least one of the 
internal tasks is enabled by completion of either of 
at least tWo of the tasks. 

4. The method of claim 3, Wherein step (a) includes the 
steps of: 

(a1) determining a maximum duration of any continuous 
sequence of executions of one or more of the internal 
tasks occurring in any execution of the system, 
Wherein: 
each of the one or more internal tasks has a priority of 

not less than j; 
the continuous sequence of executions commences 
upon termination of any one of the internal tasks of 
priority less than j; 

none of the internal tasks, except the any one internal 
task of priority less than j, is enabled immediately 
before the continuous sequence of executions com 
mences; and 

none of the external tasks completes execution during 
the sequence; 

(a2) initialiZing a ?rst variable; 
(a3) for each external task, generating a product of ?rst 

and second quantities, 
the ?rst quantity representing a maximum number of 

times the external task can complete execution 
Within a time period of a duration equal to the ?rst 
variable, 

the second quantity representing a duration of a con 
tinuous sequence of executions of one or more of the 
internal tasks occurring upon termination of the 
external task, Wherein: 

each of the one or more internal tasks has a priority of 
not less than j; 

no internal task is enabled immediately before the 
continuous sequence of executions commences; and 

no external task completes execution during the 
sequence; 

(a4) determining a value of a second variable, the value 
being equal to the sum of the maximum duration 
determined in step (a1) and each of the products 
generated in step (a3); 

(a5) if the ?rst and second variables are not equal, 
assigning the value of the second variable to the ?rst 
variable and repeating steps (a3)—(a5); and 

(a6) setting the upper bound to the value of the second 
variable. 
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5. In a system including, 

a processor, 

a set of n internal tasks Which execute on the processor 
according to non-preemptive static priority scheduling, 
and 

a set of external tasks, 

the m”1 internal task being designated internal task m for 
lémén With internal task m having a priority of m, 

completion of an external task i enabling internal task j, 
léjén, de?ning an event (i,j), 

internal task j having an execution time, 
there existing a minimum time betWeen executions of 

external task i, a computer-implemented method for 
determining, if for all possible executions of the 
system, it is impossible, after external task i has com 
pleted execution, for external task i to complete execu 
tion again before internal task j has completed 
execution, thereby indicating that event (i,j) of the 
system is not dropped the method comprising the steps 
of: 
(a) determining an upper bound on a maximum dura 

tion of any continuous sequence of task executions 
occurring in any execution of the system Wherein: 
the sequence consists of an execution of any one of 

the internal tasks having priority no greater than j, 
folloWed by respective executions of one or more of 

the internal tasks having priority greater than j; 
and 

(b) if a sum of the upper bound determined in step (a) 
and the execution time of internal task j is less than 
the minimum time betWeen executions of the par 
ticular external task, providing an indication that, for 
all possible executions of the system, it is 
impossible, after the particular external task has 
completed execution, for the particular external task 
to complete execution again before internal task j has 
completed execution, 

Wherein: 
the system satis?es at least one of ?rst and second 

conditions; 
the ?rst condition is that completion of at least one 

of the tasks enables at least tWo of the internal 
tasks; and 
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the second condition is that at least one of the 

internal tasks is enabled by completion of either of 
at least tWo of the tasks. 

6. The method of claim 5, Wherein step (a) includes the 
5 steps of: 
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(a1) determining a maximum duration of any continuous 
sequence occurring in any execution of the system, 
Wherein: 
the sequence consists of an execution of any one of the 

internal tasks having priority no greater than j, 
folloWed by respective executions of one or more of the 

internal tasks having priority greater than j, and 
none of the external tasks completes execution during 

the sequence; 

(a2) initialiZing a ?rst variable; 
(a3) for each external task, generating a product of ?rst 

and second quantities, 
the ?rst quantity representing a maximum number of 

times the external task can complete execution 
Within a time period of a duration equal to the ?rst 

variable, 
the second quantity representing a duration of a con 

tinuous sequence of executions of one or more of the 

internal tasks occurring upon termination of the 
external task, Wherein: 

each of the one or more internal tasks has a priority of 
not less than j+1; 

no internal task is enabled immediately before the 
continuous sequence of executions commences; and 

no external task completes execution during the 
sequence; 

(a4) determining a value of a second variable, the value 
being equal to the sum of the maximum duration 
determined in step (a1) and each of the products 
generated in step (a3); 

(a5) if the ?rst and second variables are not equal, 
assigning the value of the second variable to the ?rst 
variable and repeating steps (a3)—(a5); and 

(a6) setting the upper bound to the value of the second 
variable. 


